A sensitive flow injection system for L-lactate with polarographic detection is described. The system mainly utilizes saturated dissolved oxygen in samples for enzymatic reactions to convert L-lactate and oxygen to pyruvate and hydrogen peroxide; and then, any excess amount of dissolved, electroreducible oxygen which is not consumed in the enzymatic reaction can be retarded by an ODS-column to separate it from the pyruvate and hydrogen peroxide . After that, both the pyruvate and hydrogen peroxide are measured by the polarographic method using a static mercury drop electrode. The enzyme, lactate oxidase, was covalently immobilized on Chitopearl® composed of chitosan , and packed into a reactor. The detection limit under this system was 9.9X106 M and the relative standard deviation at 2 .OX 10.4 M L-lactate was 2.8%.
Immobilized enzyme reactors are now commonly used for the determination of many biologically and clinically important compounds whose quantitation would be otherwise difficult. 12 The immobilization of an enzyme on an insoluble support is very effective for enzyme reuse. The identification and quantitation of L-lactate are of primary importance in food processing as well as industrial and clinical fields. L-Lactate dehydrogenase (LDH) and lactate oxidase (LO) are frequently used for determining L-lactate.3'4 The LDH oxidizes L-lactate to pyruvate in the presence of NAD+ (nicotinamide adenine dinucleotide), with an equivalent amount of NADH (reduced form of NAD+) being produced; the LO converts L-lactate and oxygen to pyruvate and hydrogen peroxide. In an assay of L-lactate, many analytical procedures utilizing an enzymatic-type assay are based on the insensitive, electrochemical detection of oxygen or H2O2, which suffers due to interference from NADH and ascorbic acids, or based on the complicated, electrochemical oxidation of NADH to NAD+ by a required large overpotential.6 Spectrophotometry or spectrofluorometry based on the detection of NADH, however, is not sufficiently sensitive because of its low molar absorptivity. ' On the other hand, a flow injetion analysis (FIA) utilizing an immobilized enzyme reactor has been reported.g-14 In some of our previous papersl5'16, the selective, sensitive determination of L-lactate by differential pulse polarography with a soluble enzyme preparation or an immobilized enzyme reactor has been presented in detail. These techniques using LO are based on the formation of electroreducible pyruvate and 
Apparatus
The flow injection system ( Fig. 1) consists of a pump, an injection valve with a 50 µl sample loop (QIC ion chromatographic analyzer, Dionex Co., USA), a PEEK column (30X4.6 mm i.d., Nishio Kogyo Co., Tokyo) with an immobilized enzyme, another pump for pH adjustment (HPLC, LC-6A, Shimadzu, Kyoto), and an Inertsil ODS-2 column (10X4 mm i.d., GL Sciences Co., Tokyo), used to retard any dissolved oxygen, and to mix both carrier solutions. A Model 174A polarographic analyzer and a Model 310 polarographic detector with an LC detector cell (static mercury drop electrode (SMDE), platinum wire used as a counter electrode and Ag/ AgCI reference electrode, drop size: s, EG & G, PAR, USA) were used for detection; profiles were recorded on a chromatographic integrator (Model D-2500, Hitachi Co., Tokyo).
Immobilization of lactate oxidase
About 3 mg of lactate oxidase was immobilized on 1 g of Chitopearl® by using glutaraldehyde, according to our previous work. 16 Recommended procedure
From the previous studies15,16, 0.1 M citric acidtrisodium citrate (pH 6.5) was recommended as a suitable buffer solution in the enzymatic reaction, and was used as an optimum mobile phase (carrier 1) at a flow rate of 1 ml/ min (b in Fig. 1 ). Samples containing the citrate buffer solution saturated with air were injected into the carrier 1 stream. In a flow manifold, l M citric acid (carrier 2) at a flow rate of 0.1 ml/ min (c in Fig. 1 ) was merged into the carrier 1 stream, so that generated pyruvate reached a polarographic detector in a buffered citrate-citric acid medium with an optimum pH of about 4.5.15,16 The buffer and citric acid solutions were deaerated in advance by nitrogen gas at a flow rate of 200 ml/ min for 90 min in order to minimize the base current (residual current: ca. 0.09 µA). The detection potential of SMDE was -1.3 V vs. Ag/AgCI. All measurements were performed at room temperature, ANALYTICAL SCIENCES APRIL 1992, VOL. 8 about 25° C.
Results and Discussion
Effect of ODS column The dissolved oxygen in samples is electroactive and plays an extremely important role in the enzymatic reaction. In this system, the oxygen concentration in the sample zone is not constant, due to the oxygen consumption in the enzymatic reaction [Eq. (1)]. Therefore, in order to separate the residual oxygen from the sample zone, an ODS-column along with adsorptive retarding was used.
Here, only the carrier 1 stream with a 0.2 M citric acidcitrate trisodium buffer (pH 4.5), as an optimum buffer15,16, was used for determining 1 mM pyruvate. At this time the carrier 2 stream was not used. Pure Chitopearl® without immobilized LO was packed into the reactor column in order to prevent any inhibition of the enzyme activity due to the pH. Figure 2 shows the retarding effet of the ODS-column on dissolved oxygen. The oxygen peak, which was retarded by the ODScolumn appeared, after the pyruvate peak in the profile. The oxygen peak using a 5 cm ODS-column was sharp compared to that using a 1 cm column, due to a difference in the retaining capacity. The peak current of pyruvate, however, was almost the same, even though both columns were utilized. Although the peak current of pyruvate increased with increments of the flow rate, the base-line noise also increased. We therefore recommended 1 ml/ min as the best flow rate. Figure 3 shows the profiles of L-lactate using the flow system according to the recommended procedure. In these profiles, the sharp peaks are the total of pyruvate and hydrogen peroxide; a broad, positive peak resulting from residual oxygen in the sample solution can be observed behind them. Upon injecting a high concen- tration (1 mM) of L-lactate, the oxygen appeared as a negative peak. This means that by an enzymatic reaction, the oxygen concentration in the sample zone was lower than that in the carrier solution, which could not be removed, even by deaeration with N2. Although hydrogen peroxide was decomposed upon the addition of a reducing agent, iron(II) previously15,16, in this system, total amount of products without hydrogen peroxide decomposition was used to simplify the operation. Since the required time per sample for the determination increased up to 6 min until detecting the oxygen peak, the throughput was 10 samples/h. Though the sharp peak current increased steeply at the vicinity of -1.2 V vs. Ag/ AgCI, the signal-to-noise ratio (S/ N) became large at a negative potential greater than -1 .3/V.
Profile of L-lactate

Characterization of enzymatic reaction
Two different lengths of reactor column (3 cm and 5 cm) were investigated. Consequently, 5 cm of the reactor column made the peak current low and the peakwidth broad, rather than that by using a 3 cm column, because of dispersion in the reactor. However, the peak areas for both of the columns examined were almost equal. Thus, a 3 cm column was used in order to shorten the required analytical time.
In order to investigate the effect of the flow rate in the reactor, a flow system with 0.5 ml/ min of citrate buffer solution (carrier 1) and 0.5 ml/ min of citric acid solution (carrier 2) was compared with the flow system mentioned in the recommended procedure. The peak height and width obtained in the former system was low and broad, rather than that obtained in the recommended system, because of the sample dilution in the manifold. However, both peak areas were almost equal. This shows that the conversion of L-lactate to pyruvate is quantitative, even at a flow rate of 1 ml/ min.
The activity of the reactor was constant during a onemonth period (about 300 injections), while being used at room temperature (about 25° C), and storing in the citrate buffer solution at about 5° C. The activity, however, was gradually decreased after this period. Here, iP and C are the peak current(nA) and L-lactate concentration (µM), respectively. The relative standard deviation (R.S.D.) at 0.2 mM L-lactate was 2.8% (n=6); the calculated detection limit was 9.9 µM (S/ N=3).
Determination of L-lactate in serum
Although human serum contains electroactive species such as pyruvate and heavy-metal ions, their concentrations are as low as µM levels or less.'' The contents of L-lactate in human serum can, thus, easily be determined by this method. Serum samples which were deproteinized by the addition of perchloric acid and centrifugation, were stored in a refrigerator at about 5° C. Fifty microliters of a sample diluted (1:10) with the buffer solution was injected and determined using a calibration graph. The results, based on four-sixfold measurements, are shown in Table 1 . Reference values (Boehringer were measured by an F-kit for L-lactate (Boehringer Mannheim GmbH) using spectrophotometry.
All of the results obtained were satisfactory.
